Employing first-principles calculations, we investigate efficiency of spin injection from a ferromagnetic (FM) electrode (Ni) into graphene and possible enhancement by using a barrier between the electrode and graphene. Three types of barriers, h-BN, Cu(111), and graphite, of various thickness (0-3 layers) are considered and the electrically biased conductance of the Ni/Barrier/Graphene junction are calculated. It is found that the minority spin transport channel of graphene can be strongly suppressed by the insulating h-BN barrier, resulting in a high spin injection efficiency. On the other hand, the calculated spin injection efficiencies of Ni/Cu/Graphene and Ni/Graphite/Graphene junctions are low, due to the spin conductance mismatch. Further examination on the electronic structure of the system reveals that the high spin injection efficiency in the presence of a tunnel barrier is due to its asymmetric effects on the two spin states of graphene.
I. INTRODUCTION
In the last decade, graphene has been the focus of intensive materials research due to its potential applications in many areas.
[1] Because of the weak spin-orbital coupling in carbon system, graphene has long spin relaxation time and long spin diffusion length, which underlies the potential application of graphene in spintronics. A key step for realizing graphene-based spintronic devices is injection of a spin current into graphene and which has been the focus of many studies. The first work on spin transport in graphene was reported in 2006 by Hill et al. [2] Using ferromagnetic (FM) NiFe electrodes, they observed a spin valve effect, in which a spin-polarized current injected from one ferromagnetic electrode, goes through graphene before being detected at the other electrode. This idea was soon pursued by several other groups.[3-6] However, the reported spin injection efficiency, a key parameter for spin transport, was only about 1 % if graphene is directly in contact with the FM leads.[2, 3, 6] The low spin injection efficiency is mainly due to mismatch of spin "conductance" [7] [8] [9] between the ferromagnet and graphene. In a typical heterostructure of a ferromagnetic electrode and a nonmagnetic (NM) material such as graphene, spins injected from the electrode into the NM material may diffuse through the NM material, or back scattered to the lead. [7] [8] [9] The flow of the spin current via diffusion depends on the spin resistance of the NM material as well as matching of the resistances of the two materials at the FM/NM interface. [10] The reported ratio of spin resistance of ferromagnet (R F M ) over that of graphene (R G ) varies from 10 −3 to 10 −5 . [11] Because R F M R G , spin diffusion in a typical FM/graphene junction is dominated by the back scattering of spins into the FM lead, which is the reason for the low spin injection efficiency. [11] To enhance the spin injection efficiency, insulating oxides such as Al 2 O 3 and MgO were used as a tunnel barrier between the ferromagnetic electrode and graphene [4, 5, [12] [13] [14] [15] . It has been demonstrated that if the interfacial spin-dependent resistivity can be tuned to the same order of magnitude as the spin-dependent resistivity of graphene, efficient spin injection can be achieved. [ [16] . On the other hand, formation of clumps of the insulating material on graphene was reported by Kawakami's group which also leads to low spin injection efficiency. This is due in part to graphene's reluctance to form strong bonds with other materials, and can be overcome by incorporating an interfacial TiO 2 layer [11] . Nevertheless, identify materials with good conductance match and thus high spin injection efficiency remains a challenge for graphene-based spintronic applications.
Motivated by recent experimental breakthroughs in synthesizing h-BN/Graphene heterostructure and the vertical Graphene/h-BN/Graphene field-effect-transistor (FET), [17] [18] [19] here we investigate spin injection from a Ni electrode into graphene with an h-BN tunnel barrier, as well as Cu and graphite barriers for comparison. Results of our transport calculations indicate that the insulating h-BN tunnel barrier significantly improves the spin injection efficiency from the Ni lead into graphene. This is possible because of an h-BN induced asymmetry in the spin states of graphene, as revealed by our first-principles electronic structure calculations.
II. MODEL
Graphene was first isolated by mechanical exfoliation from graphite. This method was later applied to other layer-structured materials, creating a family of two-dimensional materials that includes insulating h-BN, and semiconducting MoS 2 and WS 2 , in addition to the semi-metallic graphene. These materials can easily form van der Waals structures with well-defined interfacial contact. [17, 19, [30] [31] [32] [33] [34] In particular, h-BN has been demonstrated to be the best candidate for graphene-based heterostructures or sandwich structures because of its wide band gap and close match of its lattice constant with that of graphene and ferromagnetic Ni. [17, [34] [35] [36] [37] [38] Good carrier transport and tunneling properties of the graphene/h-BN heterostructure or sandwich structures have been reported by Geim's group. [17, 19, 31, 34] Furthermore, previous first-principles calculations predicted that spin-polarized tunneling can be achieved in Ni(111)/h-BN [39] [40] [41] The model used in our study is shown in Fig. 1 . Both the left lead (Ni) and the right lead (graphene) are assumed infinitely long. We also consider a case of Ni/(h-BN) 3 /graphene with doubled overlapping area between Ni and BN as well as BN and graphene. We found a little change of the spin injection efficiency. Thus, we use the structure in For convenience of discussion, we assume the transport direction is along the y-direction and the normal direction of the graphene plane is the z-direction. The system is periodic along the x-direction, as shown in Fig. 1 . It is noted that a single piece of graphene is used for the active region and the right lead which would minimize interface scattering between the central region and the right lead in the usual sandwich structures.
A separate slab model, consisting a monolayer graphene, 6 layers of Ni, and 0 to 3 layers of h-BN was used for structural optimization and band structure calculation. During geometry optimization, the bottom four layers of Ni were fixed to their positions in bulk Ni while all other atoms in the system were allowed to freely relax. In the optimized structure, the distance between the graphene layer and the Ni substrate is 2.04Å, while the BN-BN and BN-graphene interlayer distances are 3.25Å and 3.44Å, respectively (see Fig.1 ), which are in good agreement with results of previous theoretical studies. [42] The BN layer was found to interact strongly with Ni(111). In the optimized structure, the N atom in h-BN sits on the top of the Ni atom in the surface layer, forming a N-Ni bond of length 2.06Å. The B atom in h-BN is directly above the Ni atom in the third layer, as shown in Fig. 1 . The A-A stacking is assumed between BN and graphene because it is the most stable configuration among various possible stackings. The model for transport calculation was constructed from the optimized slab model.
III. COMPUTATIONAL DETAILS
Geometry optimization and electronic structure calculation were carried out using the density functional theory (DFT) based VASP code. [20, 21] The projector augmented wave (PAW) method and the local density approximation (LDA) [22] were adopted to describe the core-valence interactions and the electron exchange and correlation functional. The planewave expansion of electron wavefunction was cutoff at a kinetic energy of 400 eV and the Brillouin zone of the unit cell was sampled using a 21×21×1 k-point grid. Structural optimization was carried out until the force on each atom is less than 0.01 eV/Å. The transport properties such as I-V curve were studied using a self-consistent approach that combines DFT and the non-equilibrium Green's function (NEGF) formalism, as implemented in the ATK package, [23, 24] in which the electron transmission used in the Landauer's formula is obtained self-consistently for a given value of bias voltage, same as in other previous works.
[ [25] [26] [27] [28] [29] The double-ζ polarized (DZP) basis set was used to expand the electron wave function in transport calculation and a cutoff energy of 150 Ry and a Monkhorst-Pack kpoint grid of 9 × 1 × 100 yielded a good balance between accuracy and computational time.
The LDA was also adopted in the transport calculations and the electron temperature was set to 300 K. A finer k point mesh (201 × 1) was used to sample the periodic direction perpendicular to the transport direction. A vacuum region of 15Å was used to separate the device from its periodic image to minimize the artificial interaction between them.
IV. RESULTS AND DISCUSSIONS
A. Transport property
Ni(111)/graphene junction without tunnel barrier
Before we examine the effect of a tunnel barrier, we calculate and present here the transport property of Ni(111)/graphene junction in which graphene is directly in contact with the Ni(111) electrode. The device structure is shown in Fig. 2a . It is similar to the structure shown in Fig. 1 but without the h-BN layers. The calculated transmission spectrum of the Ni (111)/graphene junction under a bias voltage of 0.3 V is show in Fig. 2c where the bias voltage window is within the two vertical dashed lines. As can be seen, the total transmissions of spin up and spin down states are similar within the bias voltage window, except a peak near -0.10 eV in the spin down state. This implies that the spin polarization of the current passing through the device will not be high if the Ni lead is directly deposited on graphene.
For a more qualitative measure of spin polarization, i.e., spin injection efficiency from
Ni lead into graphene, we calculate the I-V curves using the NEGF approach. The spin resolved current I σ , where σ indicates the spin up or spin down state, is obtained from
where e, h, and T are the electron charge, Planck's constant, and the transmission, respec- Spin tunneling has been proposed as a way of overcoming the conductance mismatch and has been widely used to enhance the spin injection efficiency of spintronic devices, such as silicon-based devices. [46] It is therefore natural to ask whether the same approach works here and can be used to enhance spin injection efficiency from a FM lead to graphene.
To investigate the effect of a tunnel barrier, we insert n (n = 1, 2, 3) layers of h-BN between Ni(111) and monolayer graphene, as illustrated in Fig. 1 . The model used in our transport calculation is also shown in Fig. 3a . The spin tunneling transport properties of the Ni(111)/h-BN/graphene were calculated and the results are presented in Fig. 3 . As shown in Fig. 3c , that the transport channel in graphene is of carbon p z characteristic (Fig. 4b) . Based on the spin-resolved transmission eigenstates of the two transport channels, we present a schematic diagram in Fig. 4c to illustrate the effect of the insulating barrier on the electron transport property of the proposed structure. Because of improved conductance matching by using a tunnel barrier, [11] spin polarized electric current is injected into graphene from a ferromagnetic electrode. The injected electric current is highly spin polarized because the majority spin transport channel is blocked by the tunnel barrier. and metal lead. [37] It was found that with a single layer of Cu between Ni and graphene, the electronic structure of graphene can be restored and its MR ratio can reach 90%. The MR ratio can be further increased by incorporating more layers of graphene between metal leads. [37] Of course, magnetoresistance is different from spin injection ratio. The former relies on the magnetic configuration of the two electrodes, and is an extrinsic property of a system, while spin injection ratio is determined by the spin-dependent behaviors of injected electrons and it is an intrinsic property of the system. Despite of this difference, it is interesting to find out whether a Cu or graphite barrier is useful for enhancing the spin injection efficiency between graphene and the Ni(111) electrode. With this in mind and also to serve as a comparison with the h-BN tunnel barrier, we also calculated the spin injection efficiencies of Ni(111)/graphene junctions with a few atomic layers of Cu (111) (111) is inserted between the Ni (111) electrode and graphene. This is because the Cu layer weakens the interaction between Ni and graphene, allowing graphene to recover its characteristic electronic property. However, since Cu is metallic, electron transport through Cu is not by tunneling. If the thickness of the Cu barrier is more than one atomic layer, the spin injection ratio is hampered by the conductance mismatch between Cu and graphene. By comparing the performances of the three different barriers (Table 1) , it is obvious that the insulating h-BN, which interacts with graphene through the van der Waals force, is the most promising barrier to facilitate spin injection from a FM electrode into graphene, for graphene-based spintronic applications.
B. Electronic structures

Band structures
From the results of our transport calculations presented above, we know that the h-BN tunnel barrier is effective in promoting spin injection from a TM-electrode into graphene. In order to understand the underlying physics, we calculated the spin-resolved band structure and local density of states of the Ni(111)/h-BN/graphene structures. The results obtained for the structure with a single layer of h-BN between Ni (111) and graphene are shown in Fig. 6 , along with those without a h-BN barrier for comparison. The solid circles in Fig. 6 represent the weight of the graphene-derived p z orbital. We pay attention to the graphene-derived p z orbital because it is the main transport channel as shown in Fig. 4b .
As shown in Figs. 6a and 6b , when the Ni electrode is in direct contact with graphene, a band gap of about 0.34 eV opens in both spin up and spin down bands of graphene, which is in agreement with results of previous experiments and calculations. [37, 41, 50] The gap opening is due to strong interaction between graphene and Ni. The similar band structures for majority and minority carriers implies a low spin injection efficiency if the ferromagnetic Ni lead is directly deposit on graphene. In fact, because of the conductance mismatch between Ni and graphene (R Ni /R graphene ranges from 10 −3 to 10 −5 ) [11] , most of the charge carriers would be backscattered to Ni at the Ni/grpahene interface. Moreover, the measured spin polarization can be further reduced by interfacial effect and/or interfacial disorder in experimentally grown samples. [48, 49] 
Local density of states
To understand why an h-BN layer induces asymmetric effects on the two spin states of graphene, we examine the local density of states (LDOS) projected on the relevant atoms and orbitals. As can be seen in 
V. CONCLUSIONS
The issue of spin conductance mismatch and resulting low spin injection efficiency which hampers the practical application of graphene in spintronics is addressed using first-principles electronic structure and transport calculations. 
